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Abstract: In this paper, numerical simulations of vortex-induced 
vibrations in a vertical top-tension riser with a length-to-diameter 
ratio of 500 using our in-house code viv-FOAM-SJTU are 
presented. The time-dependent hydrodynamic forces on 
two-dimensional strips are obtained by solving the Navier-Stokes 
equations, which are, in turn, integrated into a finite-element 
structural model to obtain the riser deflections. The riser is 
discretized into 80 elements with its two ends set as pinned and 20 
strips are located equidistant along the risers. Flow and structure 
are coupled by hydrodynamic forces and structural displacements. 
In order to study the effects of the shear rate, of the current profiles 
on the vortex-induced vibrations in the riser, vibrations, with 
varying shear rates, in both the in-line and cross-flow directions, 
are simulated. In addition to the time domain analysis, spectral 
analysis was conducted in both the temporal and spatial domains. 
Multi-mode vibration characteristics were observed in the riser. The 
relationship between dominant vibration mode number and the 
shear rate of current profiles is discussed. In general, the overall 
vibrations in the riser pipe include contributions from several 
modes and each mode persists over a range of shear rates. 
Moreover, the results suggest that with a larger shear rate the 
position of the maximum in-line time-averaged displacement will 
move closer to the end where the largest velocity is located.   
Keywords: risers, vortex-induced vibration, multi-modal vibration, 
strip theory, computational fluid dynamics, fluid-structure 
interaction 
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1 Introduction1 

Vortex-Induced Vibration (VIV) is a problem of concern in 
ocean engineering. With oil exploitation moving to deeper 
seas, the length-to-diameter ratio of risers has reached the 
magnitude of 103 (Willden and Graham, 2001). One feature of 
long risers is their high mode vibration. A subtle difference 
with rigid cylinders is that synchronization competes with 
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multi-mode response due to excitation frequency 
mismatching along the span (Lucor et al., 2001). 
Experimental studies on long risers subject to various current 
profiles have been undertaken (Chaplin et al., 2005a; Chaplin 
et al., 2005b; Gu et al., 2013; Huera-Huarte, 2006; 
Huera-Huarte et al., 2006; Huera-Huarte and Bearman, 2009a; 
Huera-Huarte and Bearman, 2009b; Huera-Huarte et al., 2014; 
Huera-Huarte et al., 2016; Gu et al., 2013; Song et al., 2016). 
Multi-mode vibrations and mode transitions were observed in 
these model tests. In numerical work, empirical modeling and 
Computational Fluid Dynamics (CFD) are two common ways 
to predict vortex-induced vibrations in long risers. This 
includes work by: Willden and Graham (2001, 2004, 2006), 
Srinil (2010), Gu and Duan (2016), Pavlovskaia et al. (2016), 
Rahman et al. (2016), Wang and Xiao (2016), 
Monreal-Jiménez et al. (2016), and Klaycham et al. (2016). 

An efficient scheme to simulate VIV is based on the strip 
theory (Willden and Graham, 2004; Willden et al., 2001), and 
this was adopted in the current work. The solver 
viv-FOAM-SJTU based on the strip theory was developed on 
the open source software OpenFOAM. To study the effects of 
current profiles, in this present work we numerically 
investigated VIV in a vertical top-tension riser subject to shear 
flows with various shear rates using our in-house code 
viv-FOAM-SJTU.  

2 Numerical methods  

The flow field was computed by solving transient 
incompressible Reynolds-averaged Navier-Stokes equations 
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and 

i ju u   is the Reynolds stress tensor, consisting of six 

independent variables. Transient values can be decomposed 
into mean values and fluctuations, thus introducing three 
unknowns. To model the Reynolds stress, the Boussinesq 
hypothesis was adopted to relate Reynolds stress to mean 
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velocity gradients. An SST k-omega model was used for 
turbulence closure (Menter, 1994; Menter et al., 2003). No 
wall functions are used in the present work. Instead a refined 
mesh close to the cylinder is used to predict turbulence 
kinetic energy close to the cylinder (Chien, 1982; Wilcox, 
1993). A CFD model based on strip theory, with 
two-dimensional strips located equidistantly along the span, 
was adopted to simulate the flow field. The PIMPLE 
(merged PISO-SIMPLE) algorithm in OpenFOAM was used, 
which applies to transient incompressible flow. 

The riser was modeled as a small displacement 
Bernoulli–Euler bending beam, with two ends set as pinned. 
The tension varies along the span due to gravity, but not 
temporally. In the finite element analysis, we have 

Hx x xM + C + Kx = F     (3) 

Hy y yM + C + Ky = F     (4) 

where x and y are nodal displacement vectors, the point 
denotes the derivative with respect to time, M, C, K are the 

mass, damping, and stiffness matrices, and HxF  and HyF  

are fluid forces. The equations were solved using the 
Newmark-beta method (Clough and Penzien, 2003). 

At the beginning of each time step hydrodynamic forces 
were mapped to structural model nodes to compute the riser 
displacement. Next, the mesh was deformed accordingly and 
a new flow field obtained. In this way, the time step was 
advanced. The procedure is shown in Fig. 1, the solver 
viv-FOAM-SJTU (Duan et al., 2016) was formed based on 
this. The 3D structural dynamics analysis and 2D RANS CFD 
analysis are coupled by hydrodynamic forces and structural 
deflections. The motion solver “displacementLaplacian” in 
OpenFOAM is applied to handle the dynamic mesh (Jasak, 
2009). 

 
Fig. 1  Fluid-structure interaction procedure in viv- 

FOAM-SJTU code 

3 Numerical simulation setup 

Huera-Huarte (2006) conducted a series of model tests of a 
riser exposed to a stepped current, with the lower 45% of the 
riser exposed to a uniform current and the upper part in still 
water. A numerical simulation of the same model with 
identical parameters using viv-FOAM-SJTU has been 

performed by Duan et al. (2016); the results appear to agree 
well with the experiment. 

A similar model riser was used in the present work. The 
main parameters are listed in Table 1. All cases considered 
here share the same parameters and include the span-averaged 

current speed V , with a shear rate max min( ) /S V V V   

varying from 0 to 0.75. The current speed reaches its 
maximum value at z/L = 0 and minimum at z/L = 1. The shear 
current profiles are linear along the span. 

Table 1  Main parameters of simulations 

Items Values 

Mass ratio *m  2.4 

Mean current speed V /(m·s−1) 0.4 

Diameter D/m 0.028 
Length L/m 14 

Bending stiffness EI/(N·m2) 29.88 

Top tension tT /N 1 610 

 
The twenty strips along the span are shown in Fig. 2. The 

initial mesh of the flow field on each strip is shown in Fig. 3. 
The Inlet is 15 diameters before the riser axis and the outlet 30 
diameters behind the riser axis; both sides 15 diameters away 
from the axis. Imposed on the surface of the riser is a no-slip 
boundary. At the inlet the normal velocity is the given current 
speed and the pressure gradient is zero, while at the outlet the 
normal velocity gradient and the relative pressure are both 
zero. The normal velocities and pressure gradients on both 
sides are zero. Vortex shedding alternately behind the riser can 
be seen clearly in Fig. 4. Drag forces induce in-line vibrations 
while lift forces lead to cross-flow vibrations. Fig. 5 shows the 
structural elements. The riser is discretized into 80 elements, 
and each element has an imposed uniformly distributed load. 
Plotted in Fig. 6 are the first seven mode shapes of the riser, 
with the corresponding natural frequencies listed in Table 2.  

 
Fig. 2  Twenty strips located equidistant along the span of 

the riser 
 

 
Fig. 3  Initial mesh on each strip 
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Fig. 4  Vortex shedding alternately behind the riser  

 
Fig. 5  Structural model of the vertical riser 

 
Fig. 6  First seven mode shapes 

Table 2  Main parameters of simulations 

1
nf   2

nf  3
nf  4

nf
5

nf  6
nf  7

nf

1.14 2.29 3.44 4.60 5.77 6.97 8.18

4 Simulation results 

4.1 A typical case 
First, we focus on a typical case with a shear rate S = 0.5. 

In the following figures, most values are non-dimensionalized 
with respect to the riser diameter D except the elevation z, 
which gets dimensionless with respect to the riser length L. 

The in-line time-averaged displacement along the span z/L 
is presented in Fig. 7 (a), reflecting clearly the effect of 
current drag force. The in-line time-averaged curvature in 
Fig. 7(b) reflects the mean position of the in-line vibration 
from another perspective, showing the effect of shear rate. 
The standard deviations of in-line displacement and curvature 
with respect to time are presented in Figs. 7 (c) and (d). Fig. 8 

shows the standard deviations of cross-flow displacement and 
curvature with respect to time. The dominant vibration modes 
can be seen clearly from the standard deviations of the 
curvatures. The dominant mode numbers are 6 and 3 in in-line 
and cross-flow directions, respectively. The small but nonzero 
standard deviations of both the in-line and cross-flow 
displacements never reach zero for any nodes except the two 
end ones, indicating that the seeming standing nodes move 
somewhat in time and no pure standing wave exists.  

 

 
Fig. 7  Time-averaged values and standard deviations of 

in-line displacement and curvature 

 
Fig. 8  Standard deviations of cross-flow displacement 

(  /y D ) and curvature ( 
yc D ) 

The spatio-temporal contours in Fig. 9 describe the 
time-varying and space-varying features of VIV. The 
characteristics of a traveling wave can be observed. The 
low-frequency first-order modal vibration in the in-line 
direction influences the in-line displacement significantly. 

Contours of the displacement power spectral densities are 
presented in Fig. 10. Representing the cross-flow motion in 
spectral space, we see that only one dominant mode is excited, 
i.e., the 3rd mode, though with a slightly wide envelope of 
frequencies. The dominant vibration frequency is near 3 Hz. 
From Table 2, it is known that the 3rd undamped natural 
frequency is 3.44 Hz, i.e., the actual vibration frequency is 
about 0.86 of the corresponding undamped natural frequency. 
This discrepancy may be due to damping. For the in-line 
vibration, a lower peak exists beside the dominant frequency 
and shows a multi-mode frequency response, with a dominant 
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mode number of 6 and a secondary mode number of 7. The 
nodes expected to be standing points for the 6th mode, actually 
vibrate at the 7th mode. 

 

 
(a) In-line vibration with the 6th dominant mode 

 

 
(b) Cross-flow vibration with the 3rd dominant mode 

Fig. 9  Spatio-temporal contours of displacements. Solid 
and dashed lines denote the two sides of the 
time-averaged position 

 
(a) In-line vibration 

 

 
(b) Cross-flow vibration 

Fig. 10  Power spectral density contours 

Figs. 11 and 12 show the modal compositions of vibrations 
along with their corresponding spectrum. At any instance, the 
mode with the highest modal weight is considered the 
dominant mode. The least-squares method (Trim et al., 2005; 
Lie and Kaasen, 2006) was used to conduct modal 
decomposition. The deflected shape of the riser was 

represented in spectral terms, i.e., the entire riser’s 
displacement was decomposed into modal contributions 
through  

x = ϕu      (5) 
y = ϕv     (6) 

where ϕ is the matrix of mode shapes, and u, v are the modal 
weights of x and y. Trim et al. (2005) and Lie and Kaasen 
(2006) suggested conducting modal decompositions in the 
least-squares sense using 

T Tx u                     (7) 
T Ty v                     (8) 

where only those desirable mode shapes are included in ϕ.  
The most distinguishing feature of the in-line vibration is 

the transition between the 6th and 7th modes. The 7th mode 
dominants the vibration from 35 to 36 s. The corresponding 
dominant mode transition from the 7th to the 6th mode at 36 s 
can be observed evidently in Fig. 11. There is also a short 
period of the 4th mode-dominated time for cross-flow 
vibrations near 35 s, while the 3rd mode dominates the 
vibration at other times. 

 

 
Fig. 11  In-line modal weights mu / D  and corresponding 

power spectral densities, and the 6th mode is the 
dominant mode 

 

 
Fig. 12  Cross-flow modal weights vm/D and corresponding 

power spectral densities, and the 3rd mode is the 
dominant mode 



Journal of Marine Science and Application (2017) 16: 473-479 477

4.2 Effects of shear rates 
To determine the relationship between the overall response 

and shear rate, all cases simulated with shear rates varying 
from 0 to 0.75 were plotted together. Figs. 13 and 14 show the 
root mean square values of the modal weights of the 
cross-flow and in-line displacements of selected cases, 
respectively. For S = 0.1, 0.3, 0.5 the vibrations are dominated 
by the 3rd mode in the cross-flow direction, while for the S = 
0.7 both the 3rd and the 4th modes contribute considerably. As 
for the in-line vibration, for S = 0.7 the 7th mode dominates 
the response while the other three cases stick to the 6th mode. 

 

 
Fig. 13  Standard deviations mu / D  of in-line 

displacement modal weights 
 

 
Fig. 14  Standard deviations /mv D  of cross-flow 

displacement modal weights 

The Strouhal frequency used in Figs. 13 and 14 is based on 
the span-averaged current speed from the sheared inflow, i.e., 

/ 2.86 Hzsf StV D  , as St = 0.2 for Re = 11 200. When 

the shear rate is low, the cross-flow dominant mode is 
confined to the modes with natural frequencies close to the 
span-averaged Strouhal frequency, and the in-line dominant 
mode is confined to the modes with natural frequencies close 
to twice the span-averaged Strouhal frequency. Actually, 
when shear rate S reaches zero, this span-averaged Strouhal 

frequency is exactly the actual Strouhal frequency at any 
position along the riser. However, when shear rate S is high, 
such as S = 0.7, the coupled flow structure system has a 
frequency response that deviates toward a larger value from 
this span-averaged Strouhal frequency. For S = 0.7, the riser 
vibrates mainly at the 4th mode in the cross-flow direction, 

whose natural frequency is close to 1.5 4.29 Hzsf  . And 

the Strouhal frequency based on the maximum current speed 
is exactly 4.29 Hz. This shows that the maximum current 
speed has an important effect on the dominant mode. 

Fig. 15 shows the dominant mode numbers of the 
vibrations and the standard deviations of the modal weights 

/mu
D  and /mv

D  plotted against increasing shear rate. 

The general tendency is that dominant mode numbers 
increase with larger shear rates. It can be seen that with 
shear rates S varying from 0 to 0.5 the dominant mode 
number still keeps constant, indicating that the effect of 
shear rate on the dominant mode number is limited. The 
standard deviations of the modal weights of the dominant 
modes are very low when the dominant mode is shifted, i.e., 
for a shear rate S of 0.6 in the in-line direction and 0.7 in the 
cross-flow direction. Fig. 16 shows the dominant vibration 
frequencies (the root mean square value of the dominant 
vibration frequencies along the span) with increasing shear 
rate. It seems that the dominant vibration frequencies in both 
directions tend to increase with shear rate.  

This is reasonable because a larger shear rate denotes that 
the largest current speed in that case has become larger. It is 
known that in stepped currents part of the riser is in still 
water. But that part will still vibrate and the vibration is 
dominated by the current experienced by the other part, i.e., 
the vibration travels from the part exposed to currents to the 
rest. The stepped current can be considered as a special type 
of shear current. When shear rate increases and the 
span-averaged current speed remains constant, the 
maximum current speed increases. A larger maximum 
current speed means larger energy input, resulting in a 
higher dominant mode. Actually, how the distribution of the 
input energy affects vibration deserves more research. For 
certain current profiles the energy input at a different 
position may balance that at another position. This may help 
explain why cross-flow dominant vibration frequency drops 
noticeably for S = 0.3. 

 

 
                        (a) In-line dominant mode numbers                (b) Standard deviations of in-line modal weights 
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          (c) Cross-flow dominant mode numbers   (d) Standard deviations of cross-flow modal weights 

Fig. 15  Dominant mode numbers and standard deviations of the modal weights with increasing shear rates S 

 
 (a) Dominant vibration frequencies 1/ox nf f             (b) Dominant vibration frequencies 1

y /o nf f  

Fig. 16  Dominant vibration frequencies with increasing shear rates S 

 
(a) Maximum time-averaged in-line displacements 

max
x      (b) Elevations of 

max
x  

Fig. 17  Maximum time-averaged in-line displacements along the span and corresponding elevations 

Fig. 17 shows the maximum time-averaged in-line 
displacements and the positions where the maximum value 
is obtained. Though no clear relationship is seen between 
maximum displacement and shear rate, a slight shift of 
position toward the side of high inflow with increasing shear 
rate can be observed. The maximum structural response of 
the beam is reached on the side of high inflow. 

5 Conclusions 

A series of numerical studies, using our in-house code 
viv-FOAM-SJTU based on strip theory, have been 
performed for the vortex-induced vibrations of a 14 m long 
top-tensioned model riser with a diameter of 28 mm. Using 
various shear rates, the simulations were designed to explore 
the effects of the shear rate of the current profile on the VIV 
of the riser. It was found that shear rates do not affect the 
dominant vibration mode much. However, there is a slight 
positive correlation between dominant vibration mode 
number and shear rate. In general, the overall vibration of 
the riser pipe includes contributions from several modes, 

and each mode persists over a range of shear rates. The 
traveling wave characteristic of the vibration was observed. 
Moreover, the results suggest that with a larger shear rate the 
position of the largest in-line time-averaged displacement 
will move closer to the end where the largest current speed 
is located. 
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